Purpose: To assess whether contrast-enhanced T1-weighted MR Cholangiography may provide additional information in the evaluation of biliary complications in orthotopic liver transplant recipients. Material and methods: Eighty liver transplant patients with suspicion of biliary adverse events underwent MR imaging at 1.5 T scanner. After acquisition of axial T1-/T2-weighted images and conventional T2-weighted MR Cholangiography (image set 1), 3D gradient-echo T1-weighted fat-suppressed LAVA (Liver Acquisition with Volume Acceleration) sequences were obtained about 30 min after intravenous infusion of mangafodipir trisodium (Mn-DPDP,Teslascan ® ) (image set 2). The diagnostic value of mangafodipir trisodium-enhanced MR Cholangiography in the detection of biliary complications was tested by separate analysis results of image set 1 alone and image set 1 and 2 together. MRI results were correlated with direct cholangiography in 46 patients, surgery in 14 and/or clinical-radiological follow-up in the remaining 20 cases.
Introduction
Orthotopic liver transplantation (OLT) is actually considered the best treatment option for end-stage liver disease, as well as for acute hepatic failure [1] . Despite the continuous improvement in survival over the years [2] , biliary complications are still common and represent important causes of mortality (between 2% and 7%), morbidity, and graft dysfunction after OLT. Adverse events such as biliary strictures, stones and leakages, can occur in a percentage ranging between 5.8% and 24.5% of adult liver transplant recipients and their prompt identification and appropriate management is essential for the survival of graft and patient [3, 4] .
Several authors [5] [6] [7] [8] [9] [10] [11] have reported that MR Cholangiography (MRC) has good results in identifying biliary complications following liver transplantation, suggesting that it may be a reliable non-invasive diagnostic method for imaging the biliary tract in these patients. Mangafodipir trisodium (Mn-DPDP, Teslascan ® ) is a contrast agent that consists of an organic ligand, fodipir (DPDP) and manganese (Mn) [12] . This hepato-biliary contrast medium is administered intravenously, taken up by the liver, and transported to bile, where it causes shortening of the T1 relaxation time as a result of paramagnetic effects of manganese ion [13] . Since it is excreted via the biliary tract in a percentage of about 20%, Mn-DPDP-enhanced T1-weighted MR cholangiograms may potentially increase reliability of MR examination or decrease the occurrence of a non-diagnostic or equivocal interpretation.
Our study was aimed to assess whether contrast-enhanced MR Cholangiography may provide additional information in the evaluation of biliary complications in orthotopic liver transplant recipients.
Material and methods

Patients
A series of eighty consecutive patients (57 males and 23 females; age range: 19-67 years; mean age: 53 years) prospectively underwent MR examination between three and twenty-four months after liver transplant.
Liver transplantations were all full grafts from deceased donors. The indications for liver transplantation were represented by hepatocellular carcinoma (n = 23), HCV-related hepatic cirrhosis (n = 19), HBV-related hepatic cirrhosis (n = 3), mixed HBV/HDVrelated hepatic cirrhosis (n = 7), alcoholic cirrhosis (n = 9), fulminant hepatic failure (n = 6), cryptogenic hepatic cirrhosis (n = 6), BuddChiari syndrome (n = 1), primary biliary cirrhosis (n = 1), primary sclerosing cholangitis (n = 1), Caroli's disease (n = 1), cholangiocarcinoma (n = 1), polycystic hepatic disease (n = 1), hepatic alveolar echinococcosis (n = 1).
The MR examinations were performed for altered liver function tests (elevated ALT, AST, gamma-glutamyl transpeptidase, alkaline phosphatase, bilirubin) associated or not to abnormalities at ultrasound (biliary dilation; biliary wall thickening; suspected lithiasis; liver parenchymal abnormalities).
In our series biliary reconstruction was performed with choledocho-choledochostomy in seventy-five patients (71 with and 4 without a T-tube stent) and with hepatico-jejunostomy in five subjects. A T-tube is usually placed through a choledochotomy in the recipient common bile duct and left in place for about three months in order to monitor bile and stent the anastomosis with its proximal limb; in our liver transplant center T-tube cholangiography is performed if necessary during this period and in all cases, before the removal of T-tube. Direct cholangiographic techniques, represented by endoscopic retrograde cholangiography (ERC) or percutaneous trans-hepatic cholangiography (PTC), were utilized in 46 patients within 7 days of the MR examination, and were considered the "gold standard" methods for biliary tree imaging. In 14 subjects requiring surgery, surgical findings associated with imaging and interventional procedures were used to validate MRI results. In the remaining 20 recipients in which no biliary abnormality was identified at MR examination, clinical follow-up was integrated with ultrasound and/or MR imaging for a period of at least twelve months (ultrasound every 3 months and MR exam every 6 months).
Institutional review board approval was obtained for this study and a written informed consent was signed by all the enrolled patients after the nature of the procedure had been fully explained.
MR imaging and MR Cholangiography
MR examinations were performed with a 1.5 T scanner (Signa HDx; GE Healthcare, Milwaukee, Wis) utilizing a twelve-channel phased-array body coil.
In order to improve the visualization of the duodenum, 300 ml of water was orally administered about 10 min before MR exam. Besides, immediately before starting MR imaging, scopolamine methyl-bromide (Buscopan ® 20 mg/ml, Boehringer Ingelheim) was intramuscularly administered in order to avoid peristaltic artefacts.
The imaging protocol began with axial, breath-hold, with and without fat-suppression, spoiled gradient-echo (SPGR) T1-weighted images (repetition time, 110-130 ms; echo time, minimum full, with effective 2.1-2.3 ms; flip angle, 80 • ; section thickness, 5 mm; interslice gap, 0.5 mm; matrix size, 256 × 192 pixels; signal averaged, 1; acquisition time, 28-32 s), axial, respiratory-triggered, fat-suppressed, fast spin-echo (FSE) T2-weighted sequence (repetition time automatically adapted to the patient's breathing pattern, 6000-18000 ms; echo time, 95.5 ms; echo train length, 16; section thickness, 5 mm; interslice gap, 0.5 mm; signals averaged, 3-4; acquisition time, 3-4 min) and/or axial, breath-hold, single-shot fast spin-echo (SSFSE) T2-weighted sequence (repetition time, minimum; echo time, 80 ms; section thickness, 5 mm; interslice gap, 0.5 mm; signal averaged, 0.5-0.6; acquisition time, 18-24 s) in order to cover the liver and the biliary tract.
MR Cholangiography was performed utilizing a coronal respiratory-triggered, fat-suppressed, two-dimensional, heavily T2-weighted fast spin-echo sequence, the imaging parameters of which were: repetition time (automatically adapted to the patient's breathing pattern), 4500-9000 ms; echo time, 504 ms; echo train length, 16-32; section thickness, 2-2.5 mm with no interslice gap; field of view, 35-45 cm; matrix size, 224 × 192 pixels; 2-4 signals averaged. Anterior-posterior spatial pre-saturation was used for all of the images. The receive bandwidth was 62.5 kHz, and flow compensation and extended dynamic range options were also used. The images were acquired over a period of 2-4 min. Coronal breath-hold, thick-slab, single-shot fast spin-echo (SSFSE) T2-weighted sequences (effective echo time, 1102 ms; thickness, 10 and 40-50 mm; field of view, 35-45 cm; matrix size, 448 × 224 pixels; 0.5 signal acquired; acquisition time, 2-3 s for every image) were also acquired. The pre-contrast study represented our image set 1.
Our protocol then included a three-dimensional fat-suppressed breath-hold gradient-echo T1-weighted LAVA (Liver Acquisition with Volume Acceleration) sequence obtained 30 min after the end of the intravenous infusion of mangafodipir trisodium (Mn-DPDP, Teslascan ® ; GE Healthcare) in the coronal and axial planes. In all patients, Mn-DPDP was infused intravenously at a dosage of 0.5 ml/kg, with a flow-rate of 2-3 ml/min, over about 10-12 min. The parameters of this sequence were the following: 4.3-4.1/2.0-1.9, repetition time ms/echo time ms; 7.0, inversion time, ms; 15 • , flip angle; 2.0-2.4 mm slab thickness/−1.0 to 1.2 mm spacing; 380-450 mm, field of view; 224 × 192, matrix size; 1, signals acquired and 15-18 s acquisition time. Post-contrast T1-weighted sequences were also obtained in a delayed phase, between 60 and 120 min after contrast agent administration in 22 out of 80 patients. The post-contrast study represented our image set 2.
Image analysis
Two experienced abdominal radiologists reviewed in conference the MR images and applied Maximum Intensity Projection (MIP), Volume Rendering (VolRend) and other multiplanar reformatting techniques to the data sets of coronal thin-slab fast spin-echo T2-weighted sequence and coronal contrast-enhanced T1-weighted LAVA sequence on an independent workstation connected to the MR scanner (Advantage Windows 4.4; GE Healthcare). The observers were blinded to patient identification and all clinical, laboratory, and previous imaging findings.
The MR exams were evaluated at the console in an ongoing manner (after the study was done) for the depiction of biliary anatomy and for the presence of biliary system complications such as intraand extra-hepatic biliary ductal dilatation, strictures, stones, leakage and so on. MR studies were considered to be diagnostic by the two reviewers when they well exhibited the biliary anatomy including visualization of the surgical anastomosis. The maximum caliber of the pre-and post-anastomotic common bile duct was also measured at the console; the intra-and extra-hepatic bile ducts were considered to be dilated if their diameter exceeded 2 and 7 mm, respectively. Subsequently, the diagnostic value of mangafodipir trisodiumenhanced MR Cholangiography to identify presence and site of biliary complications was tested by separate analysis results of image set 1 alone and image set 1 and 2 together. The level of diagnostic confidence of different image sets was graded using a 3-point-scale: not very confident (1); moderately confident (2); very confident (3).
Other two observers (a radiologist and a surgeon) analyzed in conference the ERC and the PTC images using the clinical, laboratory, endoscopic and imaging data during their review.
Statistical analysis
The distribution of qualitative variables was expressed as the relative frequency of the various modalities under observation. The distribution of quantitative variables was expressed as the mean, minimum, maximum and number of observations. MRI findings were correlated with direct cholangiography, surgery and/or clinical-radiological follow-up and defined as true positives when they correctly identified biliary complications confirmed by the final diagnosis reference standards; false positives when they were not confirmed by direct cholangiography, surgery and/or clinical-radiological follow-up; false negatives when complications detected by direct cholangiography, surgery and/or clinical-radiological follow-up were not observed by MR examination; true negatives when the absence of complications was confirmed by direct cholangiography, surgery and/or clinicalradiological follow-up.
Sensitivity, specificity, diagnostic accuracy, positive predictive value (PPV), and negative predictive value (NPV) of the reviewers for the detection of all types of biliary complications were calculated in order to evaluate the diagnostic yield of MR imaging. The level of diagnostic confidence of image set 1 alone versus image set 1 and 2 together (including Mn-DPDP-enhanced images) was compared using receiver operating characteristic (ROC) analysis. The diagnostic accuracy was estimated by calculating the area under the ROC curve.
A p value less than 0.05 was considered significant.
Results
MR studies were judged diagnostic by the two reviewers in all eighty patients.
Various biliary complications were identified in 59 out of the 80 liver recipients (74%) and are reported in Table 1 . Twenty-one subjects showed regular or normal biliary tree anatomy, whereas in the remaining fifty-nine patients one or more of the following complications were observed: anastomotic strictures (n = 15), non-anastomotic strictures including typical "ischemic-type biliary lesions" (ITBL) (n = 28), sphincter of Oddi dysfunction (SOD) (n = 10), biliary stones, sludge, and casts (n = 22) and biliary leakage (n = 6).
In our series non-anastomotic strictures including typical ischemic-type biliary lesions were the most frequent adverse events; they prevalently involved the hepatic confluence and extrahepatic biliary system of the graft and were confirmed by gold standard methods in all 28 cases. Mn-DPDP allowed a better depiction and a more precise delineation of the extension of the restricted biliary segment, particularly at the level of hepatic bifurcation (Fig. 1) . In a recipient a left hepatic duct stricture on MR imaging was not considered significant on ERC and was not endoscopically treated (1 false positive case).
On the other hand, in 14 out of 15 cases of anastomotic strictures, the site of biliary obstruction was correctly assessed by the reviewers and the dilated biliary system above the stenosis was completely visualized on MR images; there was a 100% correlation between MR Cholangiography and direct cholangiography findings or surgical reports (Fig. 2) . In two of these patients no excretion of the hepato-biliary contrast agent was observed after two hours from administration and so contrast-enhanced T1-weighted MRC was not obtained. Direct cholangiography did not confirm an anastomotic stricture diagnosed on MRC images (1 false positive case); in this patient the discrepancy in the calibre of the donor and recipient common bile ducts (ratio 2:1) was interpreted as a stricture at the anastomotic site, but it was due to the anatomical conformation of pre-and post-anstomotic biliary tree. Another anastomotic stricture graded as mild on ERC was misdiagnosed as an artefact at MR Cholangiography (1 false negative).
The reviewers correctly identified all cases of biliary stones, sludge, and casts (n = 22) in the extra-hepatic biliary tract on MR images. Stones were typically recognized as low-signal-intensity areas surrounded by high-signal-intensity bile in the posterior portion of the ducts on axial images and were seen alone or associated with both anastomotic and non-anastomotic strictures (Fig. 3) .
Moreover, on the combined set of MR images (set 1 and set 2 together) the reviewers diagnosed all six cases of biliary leakage; this was due to the fact that contrast-enhanced MRC was particularly helpful in identifying the site of the bile leak and directly visualized contrast material extravasation into the fluid collections (Fig. 4) .
At last, in all the patients with sphincter of Oddi dysfunction we observed on MR images a significant dilatation of both recipient and donor common bile duct in the presence of narrowing of the terminal portion of recipient's common bile duct. In these cases, contrast-enhanced MR imaging also allowed to obtain functional information on the degree of biliary obstruction and increased the diagnostic confidence of un-enhanced MR images.
Overall, on the basis of observers' readings of combined image set 1 and image set 2 (pre-contrast study including T2-weighted MRC and contrast-enhanced MR Cholangiography), post-OLT evaluation of the biliary system with MR imaging resulted in 99 correct diagnoses (accuracy, 97%) and 3 (3%) incorrect diagnoses. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the reviewers' readings for the diagnosis of all types of biliary adverse events in liver recipients were 99%, 90%, 98% and 95%, respectively.
The level of confidence in the assessment of biliary adverse events was significantly increased by the administration of mangafodipir trisodium as demonstrated by ROC analysis of two different image sets (Fig. 5) . The difference between areas under the ROC curve of two different images sets was 0.313 +/− 0.093, showing significance level (p = 0.001).
Discussion
Whenever a biliary complication is suspected in a liver transplant recipient, diagnostic work-up usually begins with laboratory tests and an abdominal Doppler ultrasound (US) that allows the simultaneous evaluation of liver parenchyma, biliary tree and hepatic vasculature. The positive predictive value of abdominal US is very high, especially in the presence of dilated bile ducts. In the absence of dilated bile ducts, the sensitivity of the ultrasound for detecting biliary obstruction ranges from 38% to 68% [14] . Although ultrasound is a non-invasive method of identifying adverse events in liver recipients, a normal US exam cannot exclude the presence of biliary strictures, widespread ductal abnormalities or bile leak [15, 16] . Multi-detector computed tomography is usually performed in the period after transplant when US findings are equivocal or there is a strong clinical suspicion for an abnormality. This imaging technique is a reliable and non-invasive mean of visualizing hepatic artery, portal vein, hepatic veins, and inferior vena cava and evaluating non-vascular graft complications and extra-hepatic organs. As concerns as biliary adverse events, computed tomography can be utilized to screen for biliary leakage or obstruction, but its role has not yet definitely clarified [17, 18] .
A more efficient evaluation of biliary adverse events can be obtained utilizing T-tube cholangiography or invasive techniques, such as endoscopic retrograde cholangiopancreatography (ERCP) or percutaneous trans-hepatic cholangiography (PTC). In recipients with a suspicion of biliary complications in the early period following liver transplant during which the T-tube is still in place, T-tube cholangiography is the examination of choice. On the other hand, when the T-tube is removed three months after OLT or in the case it is not used at all, direct visualization of the biliary tract is only possible when using invasive techniques, which are associated with various complications in 3.4% of PTC and 1-7% of ERCP. Nev- Fig. 3. (A-F) 62-year-old patient with abnormal liver function tests. Axial T2-weighted image (A) and conventional coronal thick-slab single-shot MRC (B) well exhibit dilation of extrahepatic biliary tree and a signal void in the distal portion of the common bile duct. Axial (C) and coronal (D) Mn-DPDP-enhanced T1-weighted images depict stone as a low signal intensity filling defect in contrast-filled bile ducts (white arrow). 3D MIP reconstruction (E) also demonstrates narrowing of the terminal portion of recipient's common bile duct. Stone was endoscopically removed as confirmed at post-ERCP direct cholangiography (F).
ertheless, in patients with bilio-digestive anastomoses ERCP may be unsuccessful or extremely difficult since endoscopic approach of the biliary tract is generally precluded because technically challenging [19, 20] .
As a non-invasive alternative to direct cholangiography, MRC is actually very important for assessing biliary tree abnormalities after surgery [5] . In a recent meta-analysis Jorgensen et al. [21] concluded that MRCP may have an excellent diagnostic accuracy for post-OLT biliary obstruction, with a global sensitivity and specificity of 96% and 94%, respectively; on the basis of these results an appropriate use of MRCP could potentially prevent the unnecessary risks of invasive procedures in this clinical setting. Furthermore, in a still more recent meta-analysis Xu et al. [22] confirmed that MRCP is a highly accurate diagnostic technique for diagnosing biliary complications and strictures in patients who have undergone OLT. However, the main disadvantages of conventional MRCP are that it lacks functional information and so, differentiation between obstructive and non-obstructive dilatation of the bile ducts is often extremely difficult [23, 24] . Depiction of anatomy and lesion detection can be inadequate in a non-dilated biliary system; besides, free fluid and leak in the vicinity obscures the biliary anatomy due to overlapping [25, 26] . Hence, there is often a need for a non-invasive imaging modality, which can provide reliable anatomic as well as functional information.
T1-weighted contrast-enhanced MR Cholangiography with intravenous administration of hepato-biliary contrast agents such as Mn-DPDP, Gd-BOPTA and Gd-EOB-DTPA [27] is a relatively recent MR technique that may provide both anatomic and functional information on the biliary system. These agents are taken up by functioning hepatocytes and excreted into the biliary system (3-5% for Gd-BOPTA, 20% for Mn-DPDP, and 50% for Gd-EOB-DTPA). Hepatic excretion of hepato-biliary contrast agents results in enhancement of biliary structures and it is likely to have a great impact on better visualization of biliary system [28] . In a preliminary experience on 13 patients with hepaticojejunostomy, Hottat et al. [24] concluded that contrast-enhanced T1-weighted MRC with intravenous administration of Mn-DPDP provides useful anatomic and functional information in patients suspected of having biliary obstruction on conventional T2-weighted MR Cholangiography. Various authors have recently underlined how hepatocyte-specific contrast-enhanced MR Cholangiography could offer additional information to referring clinicians and have reported the possible clinical applications in the evaluation of biliary pathology [29] [30] [31] [32] .
However, to the best of our knowledge, no study has been previously published on the possible added value of contrast-enhanced MR Cholangiography using Mn-DPDP in the evaluation of biliary adverse events following liver transplantation.
On the basis of our experience, MR studies including Mn-DPDP-enhanced sequences allowed complete visualization of the extra-hepatic biliary tree and provided functional information in our series of patients. In fact, times of contrast agent excretion seem to be in correlation with different degrees of biliary obstruction and related to the severity of the strictures. In the two patients with anastomotic strictures in which no excretion of Mn-DPDP was observed after two hours from contrast agent administration, the severity of the biliary strictures was confirmed on surgery.
Using conventional T2-weighted MRC and contrast-enhanced MR Cholangiography we correctly identified 42 out of 43 biliary anstomotic and non-anastomotic strictures with a false negative case and two false positive cases. The extension and degree of anastomotic and non-anastomotic strictures were better delineated when using Mn-DPDP-enhanced MR Cholangiography respect to conventional T2-weighted MRC. In our hospital, transplant surgeons actually select the more appropriate treatment (interventional or surgical) of the biliary strictures on the basis of the extent and grading of biliary involvement on MRC images.
Nevertheless, we correctly identified all six cases of biliary leakage due to the use of contrast-enhanced MRC with intravenous administration of Mn-DPDP. Although cross-sectional imaging can suspect the diagnosis of a biliary leakage in an appropriate clinical scenario, non-specific findings (e.g., fluid collection) are generally provided [29] . Invasive techniques such as PTC or, less frequently, ERCP are often utilized to confirm the diagnosis by demonstrating an active contrast extravasation from the biliary system. However, in our patients we were able to directly visualize contrast material extravasation into fluid collections on contrast-enhanced MRC and so we could also identify the anatomic site of the leak.
Although the ability of MR imaging to consistently identify calculi of a few millimeters in size has not yet fully demonstrated, numerous published studies have shown an excellent diagnostic accuracy of MR Cholangiography in the detection of common bile duct stones [33] . In our series of patients Mn-DPDP-enhanced MRC helped to exclude pathologic conditions and provided an increased diagnostic confidence in the differential diagnosis between endoluminal filling defects (such as biliary stones, sludge, and casts) and pneumobilia or flow artefacts. Furthermore, T1-weighted images improved the diagnostic confidence of conventional T2-weighted MRC for the detection of biliary cast syndrome in recipients with ITBL since biliary cast is hyperintense on T1-weighted images.
At least, in our series Mn-DPDP-enhanced MRC allowed an increased diagnostic confidence for the diagnosis of sphincter of Oddi dysfunction since it provided functional information on biliary flow dynamics. Delayed passage of bile through the ampulla of Vater might be caused by observing delayed passage or no passage of contrast medium in the ampulla of Vater on MR images usually obtained more than 1-2 h after Mn-DPDP injection. In addition, mangafodipir trisodium-enhanced MR Cholangiography may help to exclude the possibility of SOD by demonstrating normal passage of contrast material in the biliary tract on MR images obtained after a 30 min delay in patients clinically suspected to have sphincter of Oddi dysfunction.
On the basis of our data, the proposed combined approach using conventional T2-weighted MRC and mangafodipir trisodiumenhanced MR Cholangiography may predict biliary adverse events in at least 98%, and exclude them in 95% of cases. It can accurately demonstrate the site and extent of biliary strictures, which is very useful when planning possible interventional treatments. Besides, it can allow a more reliable diagnosis of very small biliary stones and particularly of biliary leakage, that is extremely difficult when only using conventional T2-weighted images; at last, it can provide functional information that are very promising in the grading the level and severity of biliary obstruction.
The drawbacks of contrast-enhanced MRC using mangafodipir trisodium are mainly represented by its additional costs, by the fact that it is a time-consuming technique and by limitations in delineating the biliary tract in patients with hepato-biliary dysfunction. Another potential limitation may be represented by the fact that mangafodipir trisodium (Teslascan) is currently no longer available commercially; however, in our opinion, the same results of our study can be theoretically obtained using other alternative contrast agents commercially available such as Gd-BOPTA and Gd-EOB-DTPA. Obviously, further prospective studies utilizing other hepato-biliary contrast media are needed to confirm the usefulness of this combined approach in the assessment of biliary complications after liver transplantation.
Conclusions
In summary, contrast-enhanced MR Cholangiography using mangafodipir trisodium may improve the level of diagnostic confidence provided by conventional T2-weighted MR Cholangiography for detecting biliary adverse events following orthotopic liver transplantation since it can provide both anatomical and functional information. For this reason, we actually recommend to utilize this diagnostic approach before planning every kind of therapeutic approach.
